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Abstract 
Interactions between multipolar nuclear transitions and gravitational waves (GWs) are 
theoretically investigated and two nonclassical scenarios of GW detection are 
suggested. We shall demonstrate in this report that the long-lived Mössbauer nuclides 
of multipolar transitions are suitable transducers to detect impinging GWs. Shape 
deformation and spin flip of nucleus are derived from the Hamiltonian with graviton in 
interaction. GWs generate nuclear quadrupole deformation in analogy with the Stark 
effect, of which electric field generates the dipole deformation of electron orbits. 
Likewise in analogy with the NMR that the rotating rf field flips the nuclear spin, GWs 
flip the nuclear spin by the resonant helicity-rotation-gravity coupling. The high energy 
states of the quadrupole deformation in heavy nuclides can dramatically speed up the 
multipolar transitions, which may be important for GW detections particularly in the 
low frequency band. 
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Detection of gravitational waves (hereinafter GWs) has become one of the most essential 
researches in the beginning of 21st century, which allows us to observe the astronomical activities 
in a unique way. Plenty of schemes have been proposed [1-7] to search for extremely weak GWs 
from the detectable burst occurrences. Major approaches in the last century are mechanical antennas 
[1], including the broad-band detector utilizing a highly sensitive laser interferometer such as LIGO 
and the narrow-band resonator such as Weber bar [2]. Tiny displacement of test mass ascribed to 
GWs shall be measured with noise. Emerging the historical work of the Hanover geodesic survey 
by Gauss in 1818, Kawamura and Chen [3] have demonstrated a class of network interferometry for 
the displacement- and laser-noise-free GW detection. Recently, GW detectors of the Sagnac-type 
matter-wave interferometry are developed [4,5], where geometric Berry phase of loop shall be 
probed by coherent matter beam instead of laser beam. Most of the above-mentioned concepts focus 
on the coherent signal of astronomic sources in the high-frequency band. The cosmic background 
GWs and their dynamics are random and expected in the microwave region. Correlation between 
two identical GW detectors is thus considered at the very high frequency band [6], in which GWs 
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rotate the polarization of microwave in process of cyclic propagation. Sorge et al. have considered 
the GW detection by means of circulating gyroscope [7]. Their result demonstrates that the 
out-of-plane precession of gyroscope is accumulative and proportional to the algebraic product of 
GW frequency, GW amplitude and GW phase factor under the resonant condition, when the 
frequency of gyroscope rotating frame matches one half of the impinging GW frequency.  
The aim of present study is to derive a basic theorem for the simplest and most direct 
interactions between GWs and nucleus based on the Borde’s work [8]. Experimental realization is 
also considered upon our theoretical results obtained from this semiclassical approach. We treat the 
emitted photons being messenger to carry out the action of classical GW field on nuclear transition. 
Two types of actions are investigated, i.e. shape deformation and spin flip, which can be detected 
via enhancement and redistribution of the multipolar gamma transition, respectively. The collective 
effect of excited nuclei on lattice can further amplify the enhanced transition due to the coherent 
action of GWs in the long-wavelength limit. Back-action-evading techniques to measure weak GWs 
[2] are no longer our concerns. Rough estimations of the transition enhancement reveal that the 
long-lived Mössbauer nuclides are GW transducers of great potential in the low-frequency band.  
We firstly introduce the detection scheme of spin-flip. Round-trip rotation of a spin-one particle 
gives the quantum phase of 2  . Additional Berry phase arises from the non-Euclidean 
geometry. Phase shift proportional to the GW amplitude can be accumulated in the particular 
direction allowing easier detection [6]. For simplicity, we consider a particular case of the static 
external magnetic field zH  aligned with the GW propagation along the z-axis. Nucleus rotates 
with Larmor frequency 
zH   ,            (1) 
where   is the nuclear gyromagnetic ratio [9]. In the Larmor rotating frame of  , ,x y z   in 
which the spin σ stands at rest, the rotating observer is free as if no force acts on him. In other 
words, the Coriolis force exactly cancels the Lorenz force. Otherwise the internal dynamic of 
nucleons would give a nonzero net force. Spin rotation transferred to the laboratory frame  , ,x y z  
in the absence of GWs shall give no precession out of the rotating plane with 
   
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As a matter of fact that nuclear charge center and its mass center coincide; lattice suspension of 
nucleus gives neither torque nor friction except spin-lattice and spin-spin relaxations, which can be 
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suppressed by lowering temperature and dilution. Intrinsic spin is then Fermi-Walker transported [1] 
without flipping. Borde gives the Hamiltonian of particle and GWs in interaction [8]. We add an 
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,       (3) 
where the first term is electro-magnetic radiation field of vector potential A  and the effective 
mass effm  of proton (hole) in interaction. The other two terms are GWs and nucleus in interaction 
with the total mass M  of all nucleons. GW tensor fields h

 are weak fluctuations deviated from 
the background Minkowski space metric mn , which have two circular polarizations in the TT 
gauge observed on the rotational x y   frame [10]  
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with GW frequency GW , light speed in vacuum c  and amplitude h  and h  for the positive 
and negative helicity, respectively. When 2GW   , Rabi flopping occurs in analogy with the 
NMR excitation by means of rotating rf field [9]. The off-diagonal elements of the 
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where    are the raising and the lowering operators, respectively. The algebra of x mmP iM x   
has been used. Spin flip is only allowed between states of magnetic quantum numbers m  and m  
with 1 2m    being one the selection rules, while the dipole transitions of 1J    are 
forbidden for the particular multipolar transitions of interest. Rotation of non-spherical nuclides 
generates the in- or out-phase GW emissions that flip the nuclear spin, whereas the 
spin-rotation-gravity coupling is not allowed for spherical nuclides. This extra selection rule shall 
be the evidence of graviton spin quanta, if experiment demonstrates that flipping of the spin-half 
nuclides is forbidden. The net spin-flip depends on the occupation numbers between m  and m , 
i.e. the temperature of nuclear spin at thermal equilibrium. Besides the high rotating frequency, 
other conditions such as highly polarized nuclear spin at low temperature are necessary for 
pronounced GW detection.  
Secondly, we emphasize on the enhanced multipolar transitions induced by GWs, which involves 
three-body interaction among nuclear phonon s , graviton GW  and photon  , under the 
conditions of s  , GW s   and s . The first order perturbation of nuclear 
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wavefunction 
1n  includes the quadrupole transition to intermediate state s  
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where †h  are the complex conjugates of GW amplitudes h . This quadrupole deformation is in 
analogy with the dipole deformation of the Stark effect well-known to the AMO society. However, 
the major discrepancies discussed here are the multipolarity, the nuclear size and the energy of 
intermediate states. Nuclear size is several femtometers, about one part in 10
4
 of the atomic size. 
The quadrupole deformation intrinsically exists, e.g. via collective vibration modes of nuclear 
phonon, of which energies range from hundreds of keV to MeV [11]. The Linet-Tourrenc term [8] 
hP P

 of GW interaction in (3) is quadratic in P , which leads to significant transition via 
intermediate states of high energy. Though the small nuclear size is unfavorable to the 
long-wavelength GW detection due to the curl operation appearing in the spin-rotation-gravity 
coupling term, it is no longer a disadvantage for the Linet-Tourrenc term. The other terms not 
shown in the Hamiltonian of (3) such as hA P

 and hA A

 shall generally be smaller than the 
hP P

 term in the weak field limit of A . Now let us consider the gamma transition by applying the 
second-order time-dependent perturbation theory with GWs in interaction. The transition matrix 
element is given by 
     
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Here, we have the selection rule of 2n s   or 2k s   denoted by 2J   for the 
GW-induced quadrupole deformation of same parity. It follows that the forbidden multipolar 
gamma transition from n  to k  speeds up via the intermediate state s . For example, the E3 
octupole transition of the particular 3n k   case speeds up via the E1 dipole transition from 
intermediate state s  by a factor of 9 2 5 7 210 sA E E h


 derived from the Weisskopf estimates [11] 
with atomic mass number A  and sE , E  in MeV. This formula demonstrates that the low photon 
energy, heavy nuclides and high-energy quadrupole deformation are favorable for the GW 
detection.  
It follows from Table 1 that the multipolar transitions speed up drastically. The E3 transition of 
235m
U shall be suitable for our purpose, if its 76-eV EUV emission is directly measurable. Due to 
the high internal conversion coefficient of the long-lived 
235m
U state, conversion electrons ascribed 
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Sc are scanty even 
for one of the brightest GW sources known as RX J0806.3+1527, a pair of white dwarfs orbiting 
with period of 321 seconds and strain amplitudes of 
2110h    [13]. However, the stimulated 
gamma emissions in favor of GW detection are expected for the Raman-like energy shifts in (7), 
especially in the Borrmann channel [14], where the superradiance intensity is proportional to N
2
 
instead of N. N is the number of excited nuclei coherently trigged by the long-wavelength GWs. 
Preserving the natural linewidth of long-lived Mössbauer transitions from time dilation to obtain 
superradiance has been observed by the 
103m
Rh transition and probably also by the 
45m
Sc transition, 
which is conjectured to be due to the 100% single isotopic abundance [15]. Higher multipolarity of 
the reported E5 transition such as 
113m
Cd is rare [16]. Further perturbation terms of (7) shall be 
proceeded, which leads to a smaller transition enhancement due to the weakness of GWs.
 
 
To conclude, we suggested two novel schemes for GW detection based on the interactions between 
multipolar nuclear transitions and GWs, particularly in the low-frequency band as the supplement to 
the high-frequency GW detector such as LIGO. One of the remarkable features of the present 
scheme is that the nuclear shape deformation caused by the impinging GWs shall speed up the 
multipolar gamma transitions of heavy nuclides. As the GWs can flip the nuclear spin, the graviton 
spin quantization can be verified experimentally by using the spin-flip scheme. The effects 
presented here is potentially important in experimental general relativity. 
 
Isotope E  Multipolarity  1W s     1s   sE     
103m




 0.9 MeV 410
22 2h  
93m






 14 MeV 110
35 2h  
235m
U 76.8 eV E3 310
-23
 not tabled 510
-4
 1 MeV 310
42 2h  
45m
Sc 12.4 keV M2 0.1 350 0.3 8 MeV 410
22 2h  
Table 1: Enhanced decay via GW-induced quadrupole deformation. E : Gamma energy; W : 
Weisskopf estimates of transition rate in s
-1
 [11]; : Estimated total internal conversion coefficient 
[11];  : Measured transition rate in s-1 [11]; sE : Highest reported intermediate state of quadrupole 







Sc are isotopes of 100% natural abundance. 
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